Cellulose treated by a steam explosion method can be dissolved into aqueous sodium hydroxide solution. The regenerated cellulose shaped from the cellulose-dissolving system can be used as a food material with various shapes, such as fiber, film, and particles. In the present study, the cellulose was blended with polysaccharides, and the structure and mechanical properties of cellulose-polysaccharide blend films were compared with commercial edible films. The tensile strength, tensile elongation, and bursting strength of cellulose-starch blend films in wet conditions were comparable to those of sheep casings and collagen films. In the viscoelastic measurements, mechanical properties of commercially available films of biopolymers such as starch, pullulan, and agar were greatly influenced by temperature and moisture; however, cellulose-starch blend films were much less influenced. This is a new characteristic achieved by blending starch with cellulose. Cellulose and cellulose-starch blend films were resistant to hot water, i.e., keeping their film forms in hot water. Moreover, disintegration of the blend films commonly seen in hot water can be controlled by blending carrageenan or sodium alginate as a third component.
Introduction
The edible films of biopolymers such as starch, pullulan, collagen, agar, and soy protein are widely used as food materials. Specifically, starch films are mainly used for the wrappings of medicines; pullulan films, which are produced by Aureobasidium pullulans and act as good gas barriers, are applied to capsule-materials, printable films, and sheet-like food materials with spicy, condiment-like, and other flavorings (Nakamura, 1986) ; collagen films derived from the corium of cowskin are used for meat casings and the membranes of salted cod roe spiced with red pepper (Shibasaki and Yokoyama, 2007) ; and soy protein films are used mainly for meat processing (Ishikawa and Yamaguchi, 1996) . These edible films have been widely developed, taking advantage of their individual, unique characteristics. In most cases, the physical properties of the edible films are greatly influenced by temperature and moisture, resulting in the dissolution of the films in hot water and a drastic degradation in their physical properties. More specifically, these films can not be handled in water or high humidity. Studies have aimed to increase the hot-water resistance of edible films; e.g., by coating agar and collagen blend films with a emulsifying agent (Ohinata et al., 2001) and by adding unsaturated fatty acids, such as oleic acid and linoleic acid, to edible films of watersoluble fish proteins extracted from the flesh of blue marlin Makaira mazara (Tanaka et al., 2001) ; However, adequate properties could not be obtained from these studies, and almost no edible films has been prepared with physical properties that are maintained under conditions of hot water or high humidity.
Cellulose was first reported to dissolve in an aq. NaOH solution by a steam explosion method (Okajima and Kamide, 1984) . Further study confirmed dissolution of cellulose in a dilute NaOH solution by a light scattering method (Kamide et al., 1987) . The degree of the intramolecular hydrogen to the oral sensations of the product are pleasant. This paper elucidates a new characteristic of cellulose-polysaccharide blend films such as controllable degree of disintegration of cellulose blend films in hot water; specifically, the mechanical properties of cellulose-starch blend film were less affected by humidity and water than those of other edible biopolymer films, resulting in the retained film form of the cellulosestarch blend film even in hot water. In contrast, blend films with other polysaccharides, such as carrageenan and sodium alginate, led to complete disintegration of the films in hot water. The objective of the present study was to understand the structure and mechanical properties of the cellulose and cellulose-polysaccharide blend films generated from aq. NaOH solution and to compare them with commonly used edible films made of biopolymers, such as starch, pullulan, and collagen.
Materials And Methods
Materials A softwood sulfite pulp (Nippon Paper Chemicals Co., Ltd., Japan) was subjected to saturated steam treatment at 200℃ for 5 min followed by a steam explosion treatment according to a previous procedure (Okajima et al., 1990; Miyamoto et al., 2009) . The steam-exploded pulp was refined by dilute aqueous sodium hydroxide solution to remove cellulose oligomers and hemi-cellulose and prepare alkali-soluble cellulose with M v = 5.2 × 10 4 (mean degree of polymerization = 320). Corn starch (catalogue number, Y3414s) (starch, 85.2% (w/w) [amylose, 22.6% (w/w); amylopectin, 62.6% (w/w)]; protein, 1.1% (w/w); ash, 0.3% (w/ w); water, 13.4% (w/w)) was supplied by J-OIL Mills, Inc., Japan. Carrageenan (Genugel type WR-78-J) and sodium alginate (Duck Algin NSPM) were supplied by Sansho Co., Ltd., Japan. Commercially available edible films were used as reference materials to the cellulose blend films generated in the present study: starch film (Yamamoto-Oblate, Yamamotooblate Co., Ltd., Japan), pullulan film (thickness of 20 µm, Hayashibara Co., Ltd., Japan), agar film (A-40, Ina Food Industry Co., Ltd., Japan), and collagen film (collagen casing, Devro Ltd., Scotland). The sheep casing was supplied by the Agricultural Association of Iga City, Japan. The collagen film and sheep casing are mainly utilized for meat casing. Reagent grade NaOH, sulfuric acid, and other chemicals were purchased from Kishida Chemical Co., Ltd., Japan, and used without further purification.
Preparation of Cellulose Blend Films Cellulose blend films were shaped by dissolving the alkali-soluble cellulose in aq. NaOH solution as follows. The alkali-soluble cellulose was dispersed in cold (−4℃), dilute (4% (w/w)) aq. NaOH solution. To the slurry, pre-cooled (−18℃) and concentrated bonds in cellulose molecules are closely related to the solubility of cellulose in aq. NaOH solution (Okajima et al., 1992) , and the steam explosion method can effectively break these hydrogen bonds (Okajima et al., 1990) . The cellulose fiber regenerated from aq. NaOH solution has the mechanical properties comparable to commercially available regenerated cellulose fibers (Yamane et al., 1996a) . From a technological perspective, cellulose fiber regenerated from this dissolving system can be produced for textile use using bench-scale equipment (Yamane et al., 1996b) . Crystallinity and apparent crystal size of the regenerated cellulose precipitated by aq. sulfuric acid solution decreased with the increase in concentration of sulfuric acid (Yong et al., 2007) . Thus, many studies using scientific and technological approaches have been performed for large-scale production of regenerated cellulose fibers such as viscose rayon and cuproammonium rayon for textile use. However, little attempt has been made to create new materials for food use.
The regenerated cellulose shaped from the cellulosedissolving system has been legally approved by the Government of Japan by the Government of Japan (Kishi, 2005) for food use since this system employs only water and sodium hydroxide, which is permitted for food processing. In comparison, other dissolving systems can not be applied to produce food materials because they employ chemicals, such as carbon disulfide, cuproammonium hydroxide, N-methyl morpholine N-oxide, and dimethylacetamide-lithium chloride. The cellulose-dissolving system using aq. NaOH solution is thus the sole method which can produce cellulose-shaped bodies for food materials. A cellulose-corn starch blend called CEKICEL™ (Hisano et al., 1991) developed as a food material has already been prepared from aq. NaOH solutions on a commercial scale. A large quantity of CEKICEL™ is texturally edible owing to its pleasant oral sensation, and it has been used as food materials in crab meat, Japanese horseradish, fiber sausage, chicken nuggets, and tuna flakes (Hisano, 1990; Kawabe, 1999) . The texture of cellulose-shaped bodies obtained from the cellulose-dissolving system can be improved for food materials by incorporating polysaccharides or proteins into the blend. Meanwhile, many kinds of cellulosic food additives have been generated such as microcrystalline cellulose, powder cellulose, and microfibrillated cellulose, although few of them are texturally edible due to their unpleasant texture. The cellulose-corn starch blend, a large amount of which is textually edible, has a macroporous structure, with a pore size that can be increased by increasing the starch content to increase absorption of water and oil (Miyamoto et al., 2009) . Here, we define "edible" from two perspectives: "legally edible" refers to the safety approval of the cellulose-dissolving system and "texturally edible" refers stant. The frequency values (f) used to evaluate ∆H a were 10, 30, 50, 70, and 100 Hz.
Young's modulus Young's modulus was evaluated for reswelled films of collagen, cellulose, and cellulose-starch blend, using the plots of the tensile elongation versus tensile strength.
Water vapor permeability Water vapor permeability was measured according to the Japanese Industrial Standards (JIS): JIS No. JISz0208 (Shima, 2009) . A small cup filled with desiccant (calcium chloride) and covered with a test film was weighed and subsequently held at 90% relative humidity and 25℃, and then the weight change of the cup was recorded after 24 h.
Results and Disscussion
Blend film shapability Cellulose blend films were successfully generated by dissolving alkali-soluble cellulose in aq. NaOH solution and by successive precipitation in aq. sulfuric acid or acetic acid solution. The precipitation bath of aq. acetic acid was only used for preparing the blend film with carrageenan or sodium alginate, since the film with carrageenan or sodium alginate generated by aq. sulfuric acid was too weak and brittle to be handled. Using acetic acid as the precipitant, flexible blend films with carrageenan or sodium alginate were obtained. The shapability characteristics of those blend films remain to be clarified. However, the acid strength should be related to the formability of the blend films.
Mechanical properties of the cellulose blend films
The mechanical properties of the tested films are summarized in Table 1 . All the mechanical properties of the cellulosestarch blend film under wet conditions were comparable to those of the sheep casing and the collagen film; tensile strength, 12.6 MPa (21.1 and 6.7 MPa for the sheep casing and collagen film, respectively); tensile elongation, 31.0% (42.0% and 18.0%); and bursting strength, 0.08 MPa (0.08 and 0.07 MPa). Tensile strength and bursting strength of the cellulose film were higher than those of both the sheep casing and collagen film, implying that the cellulose blend film is texturally edible. The textural acceptability was evaluated by chewing 60 times/min for 10 min. The cellulose blend film became smooth after 1 min of chewing and completely melted, and the melted film was swallowed after 3 min with pleasant oral sensations. The collagen film developed a melting-like texture after 3 -4 min and completely melted; it was swallowed after 6 min. The cellulose film remained even after 10 min of chewing; it could not be swallowed. These results indicate that both the blend film and the collagen film are texturally edible. Although the mechanical properties (tensile strength, tensile elongation, and bursting strength) (22% (w/w)) aq. NaOH solution was added, and the mixture was stirred at 4,500 rpm by a high-speed mixer (T.K. Robomics, Primix Co., Ltd., Japan) at below 0℃. According to the method to prepare the aq. NaOH solution of cellulose, aq. NaOH solutions of starch, carrageenan, and sodium alginate were prepared at the polymer concentration of 5% (w/w) and alkali concentration of 7.6% (w/w). The cellulose blend solutions were cast on a glass plate with a thickness of 500 µm, and then immersed gently in a precipitation bath of aq. sulfuric acid (10% (w/w) H 2 SO 4 ) or aq. acetic acid containing its sodium salt (10% (w/w) CH 3 COOH and 10% (w/w) CH 3 COONa) at −5℃ for 5 min. The precipitation bath of aq. acetic acid was only used for preparing the blend film with carrageenan or sodium alginate. Finally, the blend films were rinsed repeatedly with deionized water. For tensile strength and dynamic viscoelastic measurements, the resultant fresh films were press-dried by placing them between filter paper and drying at 70℃ under a compressed condition (~ 0.2 kg/ cm²) for 30 h.
Tensile strength measurement The tensile strength of the fresh, reswelled, and press-dried films with a rectangular shape (3 × 20 mm) was measured using a tension meter (FGS-50V-L, Shimpo Co., Ltd., Japan) at the elongation rate of 20 mm/min and temperature of 20℃. Reswelled films were obtained in a way that the press-dried blend films were immersed in water for 10 min. The mean tensile strength was determined from the data of four measurements for each sample.
Dynamic viscoelasticity The humidity dependence of the storage modulus (E') and loss tangent (tan δ) of the films were evaluated using a viscoelastic spectrometer (DVA-200, IT Keisoku Seigyo (Measurement-Control) Co., Ltd., Japan) under the following conditions: frequency, 10 Hz; temperatures, 35℃ and 75℃; scanning rate of humidity, 10%/min; sample length, 20 mm; sample width, 5 mm; and scanning humidity range, 30 -90%. The temperature dependences of E' and tan δ were evaluated under the following conditions: frequency, 10 Hz; heating rate 10℃/min; sample length, 20 mm; sample width, 5 mm; and scanning temperature range, 50 − 330℃. Apparent activation energy ΔH a (kJ/mol) for each peak in Fig. 5 was determined based on equation 1 from the frequency (f) dependence of the peak temperature T max (K) in the tan δ versus T max curves. Equation 2 was obtained by integrating equation 1. The slope of plots of ln f versus 1/T max was used to calculate ΔH a .
where R is the gas constant (8.3145 J/mol•K) and C is a con-1999). There are actually many kinds of cellulosic food additives such as microcrystalline cellulose, powder cellulose, and microfibrillated cellulose; however, a large quantity of these materials is not texturally edible. Cellulose itself is not texturally edible due to its unpleasant oral sensation especially in large quantities. The texture of cellulose blends obtained from the cellulose-dissolving system in the present study can be improved by incorporating polysaccharide or protein into the blend. Such improvement of cellulose blend films should result in texturally edible food materials of various shapes.
Effect of temperature and humidity on the mechanical properties of cellulose-starch blend films
The humidity dependence of the storage modulus (E') of cellulose-starch blend film was measured at 35℃ and 75℃ and compared with commercially available films: starch film, pullulan film, agar film, and collagen film (Fig. 1) . The E' values of commercially available films, especially starch and pullulan may be insufficient to directly evaluate the oral sensations of the blend film, these values were comparable to those of the sheep casing and the collagen film.
In the case of the other tested films, a variety of edible polysaccharides blended with cellulose (e.g., carrageenan and sodium alginate) at different weight ratios was a key factor in controlling the mechanical properties and oral sensations. Moreover, if a small amount of cellulose is added to a polysaccharide or protein/NaOH aq. solution, shaped bodies, including fibers, films, and particles, are easy to form from the solution, indicating their usefulness as new food materials.
The cellulose-starch blend, CEKICEL™, which is shaped from a cellulose/starch/NaOH aq. solution and formed into both fibers and powder, can be texturally edible because of its pleasant oral sensation. This blend has been used as food materials for crab meat, Japanese horseradish, fiber sausage, chicken nuggets, and tuna flakes (Hisano, 1990; Kawabe, h. miYamoto et al. (l) (j) (35℃) or 86% (75℃). Similar peaks were observed at high humidity for the other commercially available films. From the temperature dependence of tan δ in the dynamic viscoelasticity measurements, Manabe et al. (1986) concluded that a regenerated cellulose solid had five glass transition temperatures and five amorphous phases with sizes at least larger than 10 × 10 × 10 (nm³) of the moving chain segment. In addition, a tan δ peak reflecting a glass transition temperature was observed at 300℃ with the regenerated cellulose placed at relative humidity of 0% and at 40℃ at relative humidity of 100% . Therefore, the peaks in our study may result from a glass transition of the tested biomolecules. The peaks observed for E' also shifted to lower humidity at higher temperature. The water content at peak top humidity at 75℃ was 11.0% which was lower than 19.4% at 35℃. Since glass transition temperature is higher with lower water content in macromolecules where water acts as a plasticizer, the shift to lower humidity at higher temperature may be due to the water content of the film. When placed at different humidities, the storage modulus E' of the agar film ( Fig. 1e and k) decreased gradually from the low humidity range, indicating that E' of the agar film was influenced more by water than the other films. The decrease in E' of the collagen film was only ten-fold from 1.2 × 10 8 Pa (humidity of 30%) to 1.3 × 10 7 Pa (90%) at 35℃
( Fig. 1f) and from 1.9 × 10 8 Pa (30%) to 1.8 × 10 7 Pa (90%) at 75℃ (Fig. 1l) ; the trend was also observed with cellulose film. The storage modulus E' of the cellulose film regenerated from the aq. NaOH solution exhibited a slight decrease of about three-fold from 4.3 × 10 9 Pa (30%) to 1.5 × 10 9 Pa (90%) at 35℃ (Fig. 1a) and about 13-fold decrease from 6.0 × 10 9 Pa (30%) to 4.8 × 10 8 Pa (90%) at 75℃ (Fig. 1g) . The decrease in E' was significantly higher with the starch, pullulan, and agar films. In other words, the collagen, cellulose, and cellulose blend films were much less affected by humidity than the starch, pullulan, and agar films. This trend may be related to the results that the collagen film as well as the cellulose and cellulose blend films maintained its film form in water while other commercial polysaccharide edible films dissolved in water.
As for the blend films, the E' value of the cellulose-starch blend film (Fig. 1b and h ), like the cellulose film, exhibited about five-fold decrease from 4.8 × 10 9 Pa (30%) to 1.0 × 10 9 Pa (90%) at 35℃ (Fig. 1b) and about 17-fold decrease from 3.1 × 10 9 Pa (30%) to 1.8 × 10 8 Pa (90%) at 75℃ (Fig. 1h) .
However, the E' value of the starch film ( Fig. 1c and i) decreased drastically as humidity increased. Therefore, it was indicated that a new characteristic was obtained by blending starch with cellulose. More specifically, when cellulose and another polysaccharide are blended, the blends were texturfilms, markedly decreased at high humidity; the E' value of the starch film exhibited about a 40-fold decrease from 1.9 × 10 9 Pa (humidity: 30%) to 5.0 × 10 7 Pa (90%) at 35℃ (Fig.   1c ) and a 3,000-fold decrease from 1.2 × 10 9 Pa (30%) to 3.8 × 10 5 Pa (90 %) at 75℃ (Fig. 1 i) . Similarly, the E' values of the pullulan films sharply decreased 33,000-fold from 3.3 × 10 9 Pa (30%) to 1.0 × 10 5 Pa (80%) at 35℃ (Fig. 1d) and about 31,000-fold from 3.7 × 10 9 Pa (30%) to 1.2 × 10 5 Pa (85%) at 75℃ (Fig. 1j) . These results indicated that the mechanical properties of commercially available films were greatly influenced by temperature and humidity.
Comparing the data at 35℃ with those at 75℃, the decreasing points of E' of the starch and pullulan films shifted to lower humidity at 75℃. The decreasing points of E' of the agar and collagen films were indefinite. For the starch film, the humidity at the decreasing point of E' was 87% at 35℃, which was higher than 81% at 75℃ (Fig. 1c and i) . A similar trend was observed with the pullulan film: the humidity at the decreasing point of E' was 75% at 35℃, which was higher than 55% at 75℃ (Fig. 1d and j) .
On the other hand, the decreasing points of E' of cellulose and cellulose blend films were almost unchanged at both temperatures; that is, the humidity percentages at the decreasing points were 87% at 35℃ and 86% at 75℃ for the cellulose film and 83% at 35℃ and 82% at 75℃ for the cellulose-starch blend film. These results suggest that the mechanical properties of the cellulose and cellulose blend film were hardly affected by temperature.
The humidity dependence of the loss tangent (tan δ) of the starch film at 35℃ and 75℃ is shown in Fig. 2 . A dynamic absorption peak was observed at a humidity of 91% cloudy.
The disintegration characteristics of cellulose-starchcarrageenan blend and cellulose-starch-sodium alginate blend films in hot water were judged visually and the results are summarized in Fig. 4 : triangles represent disintegration of the film into several large pieces (see Fig. 3c ) and circles represent disintegration of the film into small pieces (Fig.  3d ) and complete dispersion (Fig. 3e) . The disintegration of cellulose-starch-carrageenan blend films was observed at cellulose ratios below 0.3. For the blend film at 0.3:0.1:0.6 (cellulose 30% (w/w), starch 10% (w/w), and carrageenan 60% (w/w)), disintegration in hot water resulted into a cloudy solution, with small, free-floating particles, likely derived from cellulose. The cellulose-starch-carrageenan blend film with cellulose ratio of 0.1 (cellulose 10% (w/w) and starch + carrageenan 90% (w/w)) completely dissolved. Thus, as visualized in Fig. 4 , the B region indicates the compositions which led to the disintegration in hot water; the A region those which were shapable and did not disintegrate; and the C region those which were unable to be generated from the ally edible. Moreover, the mechanical properties of cellulose blends were hardly affected by temperature and/or moisture.
The collagen film did not dissolve in water, while the other commercially edible films did. Young's modulus of the collagen film (9.81 MPa) was much smaller than those of both the cellulose and cellulose-starch blend films (215.75 and 112.78 MPa, respectively). This difference in Young's modulus may explain how the collagen film became rubberlike in water through swelling, while the cellulose and cellulose-starch blend films maintained their film form.
Water vapor permeability The water vapor permeability of the collagen film (48 µm thick) at 90 % humidity and 25 ºC showed 115 g/m²·24 h, while those of the cellulose film (24 µm thick) and the cellulose blend film (18 µm thick) were, respectively, 75 and 50 g/m²·24 h, which were lower than that of the collagen film although the films were thinner. The water vapor permeability of the cellulose blend film was below half of that of the collagen film. In general, the water vapor permeability most likely increased with decreased film thickness. Therefore, the water vapor permeability of the cellulose blend films was clearly lower than that of the collagen film.
Disintegration in hot water and mechanical properties of the blend films Properties of the cellulose blend films varied widely depending on the blended polysaccharides and their blend ratios. The cellulose and cellulose-starch blend films maintained their film shapes in hot water, but the addition of another polysaccharide such as carrageenan or sodium alginate led to disintegration of the films in hot water. The films blended with carrageenan or sodium alginate were generated from a polymer solution by precipitation in an acetic acid bath containing 10% CH 3 COOH (w/w) and 10% CH 3 COONa (w/w). Since these blend films were too weak and brittle to be handled when sulfuric acid was used as the precipitant, the acetic acid bath was used instead of the sulfuric acid bath containing 10% H 2 SO 4 (w/w). Using acetic acid as the precipitant, flexible films blended with carrageenan or sodium alginate were shapable. Although the mechanisms of this phenomenon remain unknown, the acid strength may be involved in the ease of preparation of the blend films containing carrageenan or sodium alginate.
The disintegration characteristics of cellulose-carrageenan blend films as an example of the cellulose blend films were examined in hot water (Fig. 3) . The film shape of blend films with ratios of cellulose to carrageenan from 1.0:0.0 to 0.5:0.5 ( Fig. 3a and b) was retained in hot water. However, blend ratios of 0.4:0.6 (Fig. 3c ) resulted in disintegration of the blend film, while at the ratio of 0.3:0.7 (Fig. 3d) , the film disintegrated to smaller pieces and at 0.1:0.9 (Fig. 3e) , the film completely dispersed, and the solution became slightly The level of disintegration of these cellulose blend films was represented as follows: ◇, no apparent disintegration as shown in Fig. 3a and b; △, disintegrated to several large pieces as shown in Fig. 3c ;○, disintegrated to small pieces as shown in Fig. 3d and e; □, unmeasurable.
polysaccharide solutions. These results suggest that cellulose is necessary for forming blend films from aq. NaOH solution of biopolymers. In the case of the cellulose-sodium alginate blend film, the films containing 0 -30% (w/w) cellulose and 100 -70% (w/w) sodium alginate disintegrated in hot water. The cellulose-starch blend film did not disintegrate in hot water. Thus, disintegration of the cellulose blend films in hot water can be induced by addition of carrageenan or sodium alginate. The tensile strength and tensile elongation of the cellulose blend films are summarized in Table 2 . A dash represents no data, since the films except for the cellulose-starchcarrageenan blend films in dry conditions were too weak and brittle to be applied to the measurement. The tensile strength of the fresh, reswelled, and dry cellulose-starch-carrageenan blend films at fixed carrageenan ratios tended to decrease as the cellulose ratio decreased, when the tensile strength was compared between the 0.6:0. A similar trend was observed with the tensile elongation of fresh and dry cellulose-starch-carrageenan blend films, although there were some exceptions. An opposite tendency was observed when tensile elongation was compared between the 0. From the perspective of oral sensation, blend films with higher carrageenan ratio tended to be tender, to be easier to chew, to have melting-like softness in the mouth, and to be easier to swallow. Since the tensile strength of reswelled films was several times higher than that of fresh films, oral sensation of the blend films could vary with the water content.
Although data are limited, a similar tendency for the tensile strength of cellulose-starch-sodium alginate blend films to that of cellulose-starch-carrageenan blend films was observed: an increase in sodium alginate or a decrease in cellulose content decreased tensile strength.
The data in Table 2 indicates that the mechanical properties of cellulose-starch blend film can be altered by blending carrageenan or sodium alginate as a third component during preparation. Thus to decrease tensile strength, reducing the amount of cellulose or increasing the amount of an additive like carrageenan or sodium alginate may be beneficial.
Dynamic viscoelastic properties of edible films The temperature dependences of the storage modulus (E') and loss tangent (tan δ) were determined (Fig. 5) . One or two tan δ peaks for each film, except for the starch film, were observed over 180℃. These tan δ peaks have not yet been assigned, and are tentatively called α x (observed at higher temperature) and α y (observed at lower temperature). suggested classifying the amorphous region of regenerated cellulose into five segmental domains (α 1 , α 2,1 , α 2,2 , α sh , and α H2O ) based on dynamic mechanical adsorption. Adsorptions for α 1 , α 2,1 , α 2,2 , α sh , and α H2O were observed at tem- water can be controlled by the blending of carrageenan and sodium alginate. 4) The apparent activation energy of the cellulose film was the lowest, suggesting that the cellulose structure in the amorphous region is the most disordered among the tested films.
Taken together, the cellulose-polysaccharide blend films could be widely used as new food materials.
Conclusions
The structure and mechanical properties of the cellulose and cellulose-edible polysaccharide blend films formed from aqueous NaOH solution were studied and compared with commonly used edible biopolymer films such as starch, pullulan, collagen, and agar. 1) The mechanical properties (i.e., tensile strength, tensile elongation, and bursting strength) of the cellulose-starch blend film under a wet condition were comparable to those of the sheep casing and collagen film used as sausage casings, suggesting that the cellulose blend film is texturally edible. 2) Humidity dependence of the storage modulus (E') of commercially available films revealed a marked decrease in E' of the starch and pullulan films. In contrast, E' of the cellulose and cellulose blend film regenerated from aq. NaOH solution was slightly decreased, indicating the mechanical properties of cellulose and cellulose blend films are hardly altered by temperature or moisture.
3) The degree of disintegration of the blend films in hot
